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SUMMARY o
J5CT

Iongitudinal static stability investigations of several proposed configura-
tions of the fifth-stage Scout reentry vehicle have been conducted in the Mach
number interval from 0.60 to 2k.4. The results were summarized to show the
effect of varying Mach number on the normal-force-curve slope and zero-lift
center of pressure. The effect on longitudinal stability of limited variations
in nose shape as well as afterbody geometry were determined at a Mach number of
6.8. The low-angle-of-attack stability of one configuration was examined to
determine whether the test results obtained in helium were representative of
those obtained in air at Mach numbers near 20. Of the three parameters investi-
gated (Mach number, Reynolds number, and specific heat ratio of the test medium),
it appeared that Reynolds numbers had the greatest effect on longitudinal sta-
bility at low angles of attack.

INTRODUCTION

The simulation of actual flight conditions in wind tunnels is seldom
achieved; indeed, in recent years, it has become practically impossible to dupli-
cate all of the conditions a vehicle would experience, for instance, upon en-
tering and traversing the earth's atmosphere at near orbital speed. To circum-
vent the formlidable problems of high temperatures and pressures associated with
operating and obtaining reliable data from wind tunnels at these high speeds and
to duplicate conditions which, for example, a lunar vehicle would encounter upon
entering the earth's atmosphere at supercircular velocities, the National Aero-
nautics and Space Administration is conducting a flight research program with the
solid-fuel Scout rocket.

Briefly, this program has several objectives among which are the measurement
of total and radiative heat transfer and a determination of the performance of
thermal-protection specimens during atmospheric reentry on ballistic paths at
velocities approaching 30,000 feet per second. Heat transfer and performance



data on various heat-shield materials will be recorded onboard by means of mag-
netic tape and subsequently telemetered to ground stations after the payload
vehicle emerges from the region of telemetry blackout. The tape playback will
continue until the reentry vehicle has decelerated tc subsonic speeds and impacts
in the ocean. Vehicle recovery will not be attempted.

In support of this flight research program, a series of wind-tunnel tests
were conducted to determine the static longitudinal stability of the originally
proposed payload vehicles (as well as later versions resulting from design fixes)
over a wide Mach number and Reynolds number range. In particular, it was desir-
able to determine the stability near zero angle of attack since this incidence
would provide a symmetrical heat input over the material forming the nose of the
vehicles.

The tests were conducted in the Langley 8-foot transonic pressure tunnel,
the Langley Unitary Plan wind tunnel, the Langley 1ll-inch hypersonic tunnel, and
the Langley 22-inch hypersonic helium tunnel. The Mach number range over which
the data were obtained extended from 0.60 to 24.k,

Some additional stability investigations were performed at hypersonic speeds
on one of the 12 configurations reported on herein; these results are available
in references 1 to 3. The stability data of references 1 and 3 were obtained in
the Langley 24-inch hypersonic arc tunnel and the Chance Vought Corporation
hypervelocity wind tunnel, respectively, at average Mach numbers of 20 and 17.
Nitrogen is employed as the test medium in these hotshot-type facilities to avoid
the problem of chemical reactions in the nozzles. The free-flight data of refer-
ence 2 were obtained in air at Mach numbers of approximately 5 and 17 in the Ames
pressurized ballistic range and supersonic free-flight wind tunnel. The refer-
ence investigations, in addition to providing supplemental Information on sta-
bility at Mach numbers near 20, afforded an opportunity to examine the air-helium
simulation problem with a view toward determining whether helium facilities can
usefully contribute to configuration studies at hypersonic speeds. The simula-
tion problem has previously been examined in some detail, both theoretically
(ref. 4) and experimentally (ref. 5).

SYMBOLS

Total axial force

CA axial-force coefficient, S
Cn pitching-moment coefficient, Pitching moment
qsSh
Cn normal-force coefficient, Norma;sforce
CN.a initial normal-force-curve slope, N, per degree
>



D reference diameter, in. (see fig. 1)

M free-stream Mach number

q free-stream dynamic pressure

Rp Reynolds number based on reference diameter

S cross-sectional area based on model reference diameter
Xep center-of-pressure location, inches from nose

a angle of attack, deg

Model Components:

B body
N nose
F flare

CONFIGURATIONS

The five-stage Scout program was designed to obtain basic data on atmos-
pheric reentry phenomena at supercircular velocities. By way of introduction,
the ensuing sections briefly outline the general design concepts and contain
brief descriptions of the experimental payloads that have been planned - one for
each flight - on which will be measured total heat transfer, radiative heat
transfer, and the effectiveness of a charring ablator as & thermal protective
system. The model configurations, designated herein by letter symbols and numer-
ical subscripts, employed in the wind-tunnel investigations over the Mach number
range of 0.60 to 2k.4 are indicated in the appropriate places. Initially, it was
thought that the stability of only two configurations would have to be determined
in the ground facilities; however, as the results became available, it was soon
apparent that additional development tests would be required and eventually would
necessitate a total of 12 configurations. Sketches of the 12 configurations are
presented in figure 1.

General Requirements

The overall geometry chosen for the fifth-stage Scout reentry vehicles was,
to a great extent, dictated by the following considerations: (1) reasonably
sized nose shapes on which data could be obtained (free, for example, of edge
effects), (2) sufficient volume for instrumentation, (3) minimum weight compat-
ible with structural integrity, (4) adequate size to house the final-stage rocket
motor (which, for these vehicles, incorporates a 17-inch-diameter spherical case),
(5) the facility for being contained in a Scout payload ascent heat shield, and
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(6) the requirement of an aerodynamically stable configuration over a wide veloc-
ity spectrum.

Following these design concepts, preliminary configurations evolved which
featured a common body geometry (body By, fig. 1(a), for example) but incorpo-

rating nose shapes appropriate to the various experiments, specifically, the
total heat transfer, the radiative heat transfer, and material payloads.

Total Heat-Transfer Payload

The initial flight experiment, or total heat-transfer payload, was designed
to incorporate an Inconel nose cap as a conventional heat-sink calorimeter. In-
strumentation, in the form of thermocouples, will provide information on the
total heat-transfer distribution over this cap. After about 15 seconds of re-
entry flight, this Inconel cap 1s designed to melt partially, Jjettison, and then
expose a Teflon nose to the alrstream. The chief purpose of the Teflon nose is
to allow the vehicle to survive the reentry so that the heat-transfer data can
be telemetered.

In the wind-tunnel stability investigations the Inconel nose cap was simu-
lated by nose shape No (fig. 1(b)) and the Teflon nose was simulated by nose

shape Ny (fig. 1(a)). Since some ablation was anticipated on the prototype, par-

ticularly near the edge of the Teflon nose, two wind-tunnel models were tested at
M = 2k.4 simulating the nose both before (Nig, fig. 1(e)) and after ablation

has taken place (Nl). Only the latter shape was investigated at the lower Mach
numbers.

Radiative Heat-Transfer Payload

The second, or radiative heat-transfer payload, features a quartz window
through which the radiative component of aerodynamic heating will be measured.
The quartz window 1s mounted in a beryllium nose about 2 inches thick and
5 inches in diameter. The perimeter of the nose is made of an ablating material
to insure reentry survival. For the wind-tunnel stability investigations, the
radiative heat-transfer experiment was simulated by nose shape N3. (See

fig. 1(g).)

Charring Ablator Payload

An advanced heat-shield material will be tested on the third payload in an
environment which simulates some of the conditions to be encountered during the
reentry of the Apollc spacecraft. Thermocouples will be imbedded in the material
for the purpose of determining the thermal response at various depths. The nose
shape to be employed on this flight was identical to that selected for the radia-
tive heat-transfer experiment and was, of course, simulated by nose shape N3

(fig. 1(g)) in the wind-tunnel stability investigation.



Afterbody Geometry

With the nose shapes essentially fixed by the various experiments, the prob-
lem remained of choosing a body shape that would satisfy the requirements pre-
viously outlined. The body initially selected to be employed on all three flight
payloads was simulated in the wind-tunnel investigations by body By (fig. 1(a))
and features a 9° half-angle cone frustum followed by a short cylindrical section.
This particular geometry satisfied the design requirements specified earlier but,
as will be subsequently shown, was not effective in providing adequate stability,
particularly in the hypersonic Mach number range. Two simple alterations were
made in the geometry of body By for the purpose of improving its stabillty at

hypersonic speeds. These modified afterbodies were designated Bp (fig. 1(c)) and
B3 (fig. 1(e)).

Final Modifications

Two additional models (NyBy, fig. 1(h) and N5Bs, fig. 1(i)) were also inves-

tigated in the wind-tunnel program; these configurations resulted from incorpo-
rating several engineering design modifications in their counterparts N135 and

N5B3, respectively.

In the case of configuration N)B), the radius of the spherical nose segment

was decreased by about an inch on the prototype as compared with configura-
tion N135 and, in addition, the 9° cone frustum was relocated somewhat closer to

the nose. The principal result of these modifications was the slight forward
movement of the vehicle center of gravity relative to NlBB'

In the case of configuration N5B5, there were some small changes in exterior

dimensions but the most significant modification (in regard to the aerodynamic
stability) was the rearward shift in center of gravity compared with configura-
tion N B3' This shift, as will subsequently be shown, was sufficient to cause
this sgape to be unstable at hypersonic speeds in the low~-angle-of-attack range
and require the addition of a small afterbody flare to increase the stability at
low incidences. The flare sizes investigated at M = 24,4 are shown in

figure 1(i).

APPARATUS AND TESTS

Wind Tunnels

The results at Mach numbers from 0.60 to 1.20 were obtained in the Langley
8-foot transonic pressure tunnel. This variable-pressure facility incorporates a
rectangular test section in which the top and bottom walls are slotted and thus
permit a continuous variation in Mach number from low subsonic speeds up to 1.20.



The data at supersonic speeds were obtained in the Langley Unitary Plan wind
tunnel which is a variable-pressure facility having two test sections approxi-
mately 4 feet square by 7 feet long. The low Mach number test section is capable
of a continuous variation in Mach number from about 1.50 to 2.87 by means of an
asymmetric sliding nozzle block. The same method is used to vary the Mach num-
ber from approximately 3.00 to 4.63 in the high Mach number test section.

At Mach numbers of 6.8 and 9.6, the data were obtained in the Langley
1ll-inch hypersonic tunnel which is a variable-pressure blowdown facility in which
the stagnation temperature is elevated to prevent ligquefaction of the air compo-
nents in the two nozzles. Absolute humidity levels of the air were reduced below
that for which condensation would occur in the test section.

The results at a Mach number of 24.4 were obtained in the Langley 22-inch
helium blowdown tunnel utilizing a conical nozzle of 5° half angle. The flow
preduced by this nozzle has a longitudinal Mach number gradient of about 0.08 per
inch and the models were located in the tunnel in such a way that the average
free-stream cross-section Mach number at the nose was 24.k, Additional data were
obtained at average free-stream Mach numbers of 20.2 and 21.2 in a contoured noz-
zle recently installed in this facility. This nozzle, incidently, was designed
to produce thecretically uniform flow at a Mach number of 22. The change in Mach
number for the tests in the contoured nozzle was the consequence of increasing
the stagnation pressure from 1,000 pounds per square inch gage to 2,000 pounds
per square inch gage which resulted in a thinning of the wall boundary layer and
thereby increasing the effective expansion of the flow from the throat. Prelimi-
nary flow calibrations in this contoured nozzle indicate a negligibly small lon-
gitudinal Mach number gradient (0.00% per inch). Further details concerning this
facility may be found in reference 6

Tests

All models were mounted on sting~-supported strain-gage balances. Angles of
attack for most of the tests varied from about -4° to 12°; for some of the tests
at M = 24.4 +this range was extended to a = 20°. The angles of attack of the
tests conducted in the Langley ll-inch hypersonic tunnel and in the Langley
22-inch helium tunnel were set by optical methods by using a small prism mounted
in the model to reflect the light from a polnt source (located adjacent to the
test-section window) on to a calibrated scale. This optical technique gives the
true angle of attack regardless of the deflection of the balance and sting under
load. (Some additional features of this system as employed in the Langley
22-inch helium tunnel are described in ref. 6.) The angles of attack for the
tests in the Langley 8-foot and Unitary Plan wind tunnels were set mechanically
by using previously cbtained corrections to account for the deflections of the
balance-sting assembly under load.

For convenient reference, the test Mach numbers and Reynolds numbers for
each of the foregoing wind tunnels are listed in table I. The actual model sizes
employed in the various tests can be determined from the dimensions given in fig-
ure 1 along with the appropriate scale factor presented in the table.



A comparison of the test Reynolds numbers obtained in the various ground
facilities with the Reynolds number of a nominal flight trajectory is presented
in figure 2. It is to be observed in thils figure that exceptionally good Reynolds
number simulation was achieved in several of the wind-tunnel tests, notably in
the lowest Mach number range. Of perhaps greater significance was the fact that
it was possible to exceed the range of flight Reynolds numbers at Mach numbers in
the neighborhood of 20. It will be shown later on in this paper that the defi-
ciency of data in the Mach number range from 10 to 15 and the relatively poor
simulation of full-scale Reynolds number at Mach numbers from 5 to 10 generally
precluded an exact definition of the low-incidence stability in the Mach number
range from 5 to 15.

RESULTS AND DISCUSSION

Presentation of Results

The data obtained at transonic speeds on configuration N;By and N1B5 are

presented in figures 3 and 4; results for the same configurations at supersonic
Mach numbers are shown in figures 5 and 6. As indicated in table I, a number of
tests were made in the Langley ll-inch tunnel to determine the effects of both
nose shape as well as afterbody geometry on the stability at hypersonic speeds;
these results are presented in figures 7 and 8. Data obtained at M = 24.4 in
the Langley 22-inch helium tunnel utilizing the conical nozzle are presented in
figure 9; in addition to extending the Mach number range, these tests dealt pri-
marily with the determination of nose-corner-radius effects on stability and the
effectiveness of small flares on increasing the stability of configuration N5B5

at hypersonic speeds. The data at M = 20.2 and 21.2 were obtained to determine
the extent of any viscous effects on the static stability at hypersonic speeds;
the results from these tests are presented in figure 10.

None of the axial-force data presented in the foregoing figures were adjusted
to a condition where free-stream pressures act over the base of the model or bal-
ance cavity and, therefore, are representative of the total axial force acting on
the various shapes including that due to the difference between free stream and
base pressures. The omission of an axial-force adjustment also implies, of
course, that the axial-force data presented herein include sting effects on the
base pressures and that these effects are of undetermined magnitude.

Concerning the helium data, it may be observed that, in addition to the
small effects flow angularity may have had on the low-angle-of-attack stabillty,
the axial-force data obtained in the conical nozzle at M = 24k.h were somewhat
lower than that measured in the contoured nozzle at approximately the same
Reynolds number. (Compare figs. 9(c) and 10(b).) It is not the intent here to
explain these differences but, rather, to point out that they exist and are prob-
ably associated with the flow dlvergence in the conical nozzle as well as the
choice of employing the nose Mach number (and, consequently, a conservative value
of dynamic pressure) in reducing the data to coefficient form.



During the investigation to determine the effect of Reynolds number on sta-
bility at hypersonic speeds, the sting diameter remained approximately constant
while the model size was reduced from l/h to 1/16 scale. This reduction in model
size relative to the sting meant that the support interference effects on C,

were probably greater on the 1/16-scale model than on the 1/8- and 1/L-scale
models. However, since the nose contribution to the total axial force was so
large, the relative change in axial force due to interference effects was, in all
likelihood, a small percentage of the total force.

A summary of the basic results obtained in the investigation illustrating
the effect of Mach number, Reynolds number, and several configuration variables
on the static longitudinal stability is presented in figures 11 to 16. With the
exception of figure 12, the data for all the tests were reduced to coefficients
by employing the specific model maximum diameter and cross-sectional area as ref-
erence lengths and areas.

Exploratory Results

Nose shape Nj, which was designed to survive atmospheric reentry, was com-
bined with the originally selected afterbody By to provide a suitable configura-

tion on which preliminary stability results could be obtained. A summary of the
results obtained on models of this configuration is presented in figure 11 to
indicate the effects of Mach number on the initial normal-force-curve slope and
zero-lift center of pressure. Concerning the center-of-pressure data, it is
pointed out that the locations were determined by measuring the slope de/dCN

at zero lift and are expressed in terms of reference diameters from the nose.

The results in figure 11(a) indicate a general reduction in normal-force-
curve slope throughout the Mach number interval from 0.60 to 6.8. The rapid
decrease in CN,a near sonic velocity 1s typical of these blunt-nosed bodies and

is caused by flow separation and adverse loadings over the body.

The variation with Mach number of the zero-1ift center of pressure of con-
figuration N1Bj is shown in figure ll(b). The design center-of-gravity location

has been indicated on the ordinate of the figure; this is a representative center-
of-gravity position when the vehicle reenters the atmosphere after the fuel in
the fifth-stage motor has been expended.

It is observed in figure 11(b) that the configuration is unstable throughout
the Mach number range from 0.60 to 6.8. The indication of stability at the lowest
Mach number is fortultous and arises as a consequence of nonlinear force and
pitching-moment characteristics at these speeds, particularly at low angles of
attack. (See figs. 3(a) and 3(c).) Previous investigations (ref. 7, for example)
have shown that these nonlinearities are the result of separation and, under some
conditions, subsequent reattachment as the flow attempts to negotiate the abrupt
expansion at the edge of the nose. Although the stability of configuration N;Bq

was not determined at Mach numbers greater than 6.8, a reasonable extrapolation



of the results shown in figure 11(b) indicate the probability that this shape
would be unstable throughout the anticipated flight Mach number range.

An apparent anomalous behavior was observed in the center-of-pressure loca-
tion as the Mach number was increased from 3 to 4.63. A subsequent brief inves-
tigation indicated that this peculiarity was caused by circulatory wake flow
impinging on the truncated cone which is to be employed on the prototype as a
structural brace for the rocket-motor exhaust nozzle. These tests also showed
that this stability reversal could be avoided by simply filling the cavity formed
by this brace and the interior surface of the body shell.

Since the foregoing preliminary results indicated the probability that con-
figuration NlBl would be unstable throughout the intended speed range for the

center of gravity indicated in figure ll(b), consideration was given to increasing
the stability by adding ballast in the nose and thereby moving the center of grav-
ity forward. Calculations showed, however, that the weight penalty involved in
moving the center of gravity a sufficient distance forward would be exorbitant and
thus would severely limit the desired maximum velocity of the flight vehicle.

Two afterbody modifications were suggested for improving the static stability
of the vehicles at hypersonic speeds. The first of these alterations consisted
of extending the cylindrical portion of the body rearward to the exit plane of
the rocket nozzle. (This body is identified as By in fig. 1(c).) The second mod-
ification consisted of replacing the cylindrical portion of the body by extending
the truncated cone an equivalent length. This latter shape is identified as
body Bz and is illustrated in figure 1(e).

Tests were conducted at a Mach number of 6.8 to determine which of the pre-
vious modifications was most effective in improving the stability of the vehicle
at hypersonic speeds; the results are compared in figure 12. It should be noted
that, for the comparative purposes of this figure, the reference lengths and
areas were chosen to be equivalent to that of the original body Bj.

It is apparent from the results presented in figure 12 that body 83 was more
effective in increasing the stability than body Bp. The superiority of bedy B5

proved doubly important since an analysis of the weight involved in the two modi-
fications showed body B5 to be appreciably lighter than B, and therefore capable

of greater maximum flight velocity.

As noted previously, three separate nose shapes willl eventually be employed
during the flight program to study aerodynamic heating and material performance.
It was of interest therefore to determine whether these changes in nose geometry
had significant effects on the aerodynamic stability, particularly at hypersonic
Mach numbers. Such an investigation was performed at a Mach number of 6.8 and
the results are summarized in figure 13, wherein it may be observed that little,
if any, variation in stability occurs as a result of changing nose shape.



Longitudinal Stability of Configuration N1B5

Inasmuch as the foregoing experiments indicated, first of all, that changing
the nose geometry had a negligible effect on stability at hypersonic speeds, and,
secondly, that body shape B5 would provide adequate stability at these velocities,

attention was focused on configuration NlBB’ the stebility of which was determined

from Mach numbers 0.60 to 2k.4. A summary of the results from these tests is pre-
sented in figure 1l4. Data were not obtained at Mach numbers from 1.57 to 2.87 in
the low Mach number test section of the Langley Unitary Plan wind tunnel since
previous results on configuration NlBl adequately defined the trends to be

expected in aerodynamic stability over this Mach number interval.

The normal-force data in figure 14(a) indicate the erratic behavior in slope
at transonic speeds similar to that previously found on configuration NiB; at

these Mach numbers. The reduction in normal-force-curve slope with Mach number
at supersonic speeds appears to be diminishing at Mach numbers near 7 and it is
worth noting that the value of CN,q determined from tests in helium at M = 2Lk

appears to be in reasonable agreement with data obtained at lower Mach numbers in
air.

The zero-lift axial-force results obtained on models of configuration N1B3

are summarized in figure 14(b). Note that there is rather close agreement between
the data obtained in helium at M = 24.4 and the data obtained in air at lower
hypersonic Mach numbers.

The variation with Mach number of the zero-1ift center of pressure of con-
figuration N1B5 is summarized in figure 14(ec). Marked changes in center-of-

pressure location are observed to occur at transonic speeds as a result of the
nonlinear force and moment variations with angle of attack (see fig. 4); in gen-
eral, it may be said that, near sonic speeds, the shape is unstable over the
angle-of-attack range investigated (fig. 4(c)). From its most forward position
at low supersonic Mach numbers, the zero-lift center of pressure is observed to
move rearward as the Mach number is increased throughout the supersonic range.
Some scatter is evident in the results obtained at supersonic speeds and is prob-
ably within the accuracy of these particular measurements. According to the
results in figure 14(c), the most rearward center-of-pressure position occurs at
Mach numbers near 10 wlth some gradual forward movement as the Mach number is
increased to 24.4. These results at hypersonic speeds should be viewed with some
caution since, as will be demonstrated, factors other than Mach number can play
an important role in determining the low-angle-of-attack static stability at
hypersonic speeds.

In addition to the data previously discussed, figure 14(c) also indicates
the center of pressure measured on the sharp-cornered configuration NlSBE’ Prior

to being exposed to aerodynamic heating, the Teflon nose of the prototype will
have sharp edges; after the Inconel nose cap jettisons the Teflon nose will exper-
ience some ablation, particularly around the extremity, and the rounded-edge con-
figuration N1B5 would result. In anticipation of this ablation on the nose of
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the flight configuration a sharp-edge configuration (NlSBE) was tested at a Mach

number of 24.4 to determine whether the slight change in geometry had any percep-
tible effect on the aerodynamic stability. The results of such an investigation
are summarized in figure 14(c) where it may be noted that, for angles of attack
near zero, the center of pressure can be expected to move somewhat nearer the
nose as ablation takes place.

Effect of a Small Flare at Hypersonic Speeds

Initial tests at a Mach number of 24.4 indicated that configuration N5Bs was

unstable at low angles of attack (fig. 9(d)) and, in addition, had a stable trim
attitude at o = 12°. Consideration was given, therefore, to methods for

improving the low-angle-of-attack stability so that trim would only occur at zero
incidence. Ballasting in the nose was rejected for the reasons given previously
in the discussion concerning configuration NlBl' Inasmuch as flared afterbodies

can be an effective means of increasing stability, two short flares were designed
to be tested on this configuration in order to assess their effectiveness at
hyperscnic speeds.

A summary of the results of the flare investigations is presented in fig-
ure 15 in the form of the variation of center-of-pressure location with angle of
attack. Both flares were effective in the low-angle-of-attack range; however,
it should be noted that the design center-of-gravity position indicated on the
ordinate of the figure represents that of the basic configuration; the addition
of more weight in the form of an afterbody flare would undoubtedly move the cen-
ter of gravity somewhat more rearward of the position indicated in the figure.
For this reason a flare slightly larger than F{ might be required to provide sta-

bility in the low-angle-of-attack range.

Air-Helium Simulation

During the investigation of the stability of configuration NlB5, there arose

some question as to whether the results obtained in helium were actually repre-
sentative of conditions that would occur in flight at these Mach numbers, or, in
other words, whether air simulatiocn was achieved by the tests in helium. Con-
currently, design refinements were made on configuration NlB5 and a somewhat mod-

i1fied version designated N;B) resulted. These modifications, it will be recalled,

consisted of a small reduction in the spherical nose radius while simultaneocusly
moving the truncated conical body slightly forward. In view of these modifica-
tions and in recognition of the valid question concerning the simulation of air
data by testing in helium, it was decided that configuration NyB) (fig. 1(n))

would be employed to determine whether, in fact, reasonable air simulation was
accomplished by the tests in helium.

As indicated in table I, the longitudinal stability of N)B)j was determined
in several different facilities at Mach numbers of approximately 17, 20, and 2h.
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The data from the hotshot tunnels (refs. 1 and 3) were obtained in a nitrogen
atmosphere (to avoid chemical reactions in the nozzle) and the free-flight data
(ref. 2) were obtained in alr. Both of these test media, of course, have specific
heat ratios of 7/5 at standard conditions in contrast to 5/5 for helium. In addi-
tion to these results at Mach numbers near 20, one free-flight test was conducted
in a ballistic range in air at M = 5. (see ref. 2.) A summary of these experi-
mental data is presented in figure 16.

The normal-force-curve-slope results obtained on configuration NyB) are pre-

sented as a function of Mach number in figure 16(a) wherein it may be noted that,
although some scatter exists in the data, the helium results at a Mach number of

o4 4 appear to give a reasonable simulation of normal-force-curve slope at hyper-
sonic speeds. A faired curve representing previous results obtained on configu-~

ration NlB5 is also shown in the figure for reference purposes and to indicate

the trends to be expected over the Mach number range.

The zero-1ift center-of-pressure results of NMBM as obtained from the various

facilities are summarized in figure 16(b). Again, a fairing representing the
center-of -pressure data previously obtained on configuration NlB5 is shown for

comparison purposes. As a result of the promounced scatter exhibited in the
center-of-pressure data shown in this figure, it could not readily be determined
whether the stability of configuration N)B) was simulated by the test in helium.

Moreover, there is no apparent Mach number correlation of the data obtained in
air and nitrogen, both of which have equivalent specific heat ratios at standard
conditions.

The unexpected scatter noted in figure 16(b) prompts the question of whether
Mach number or even specific heat ratio is the most important parameter governing
the low-angle-of-attack stability of these configurations at hypersonic speeds.
Inspection of table I shows that the data presented in figure l6(b) were obtained
over a considerasble range in Reynolds number; consequently, it appeared worthwhile
to determine whether this parameter was significantly affecting the location of
the zero-lift center of pressure at hypersonic speeds.

To aid in the assessment of Reynolds number effects on low-angle-of-attack
stability, additional models having scale factors of 1/16 and 1/4 were fabricated

and tested over a range of Reynolds numbers from 0.48 x 106 to 3.50 X lO6 in the
Langley 22-inch helium tunnel; these new data are presented in figure 16(c) as a
function of Reynolds number along with the results previously discussed. It is
evident in the data of figure 16(c) that Reynolds number can significantly affect
the low-angle stability of these blunt-nosed bodies at hypersonic speeds. Con-
cerning the simulation problem, it is interesting to note that an extrapolation
of the fairing through the helium data is in close agreement with the low Reynolds
number data of reference 1 obtained in a hypersonic arc tunnel employing nitrogen
as the test medium.

The center-of-pressure location as determined from tests in the Chance-Vought
hypervelocity wind tunnel and reported in reference > is in apparent disagreement
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with the trend shown in figure 16(c); the mean probable error of these pitching-
moment data was relatively large, however, and this inaccuracy was likely respon-
sible for the discrepancies in center-of-pressure location indicated in the fig-
ure. Small differences between the data obtained in helium and the hypersonic
free-flight tunnel results of reference 2 at equivalent Reynolds numbers may be
due to the difference in specific heat ratios of the test media (5/3 and T7/5,
respectively) or to the existence of real-gas effects in the free-flight data.
The techniques of data reduction as well as the accuracy of obtalning data on
very small models in the supersonic free-flight tests are additional possible
explanatiocns for the small differences observed.

In view of the dependence of the hypersonic stability on Reynolds number
shown in figure l6(c), the wind-tunnel data obtained in the Mach number range
from about 5 to 10 must be viewed with suspicion insofar as thelr applicability
to the prototype is concerned because of the poor simulation of full-scale
Reynolds number. (See fig. 2.) For example, although the center of pressure was
found to be 0.825D from the nose at M = 9.6, because the test Reynolds number
was an order of magnitude below the nominal flight Reynolds number, it may be
anticipated that, on the basis of the results in figure 16(c) the flight center
of pressure might be situated somewhat forward of this location. The poor simu-
lation of flight Reynolds numbers in the Mach number range from 5 to 10 and the
lack of data in the Mach number range from 10 to 15 did not permit a precise
definition of the prototype stability cver this speed range. It can readily be
seen, however, on the basis of the results in figure 16(c) that the prototype
will be stable during the initial penetration of the atmosphere and that the
static stability will diminish as deceleration takes place and the Reynolds num-

ber continues to increase to a maximum value of approximately 3 X 106 in the
neighborhood of M = 10.

An examination of the center-of-pressure data at an angle of attack of 8@
indicated that, within the experimental scatter, there was little effect of
Reynolds number except, perhaps, at the very lowest value available (RD = 52,000).

Figure l6(d) presents the initial normal-force-curve slope as a function of
Reynolds number. It may be noted that, although the helium-tunnel results indi-
cate an invariance of CN,@ with Reynolds number, the normal-force-curve slope

determined in the hotshot facilities indicates a slight reduction in CN,a with

diminishing Reynolds number.

It is of interest to speculate as to the type of flow phenomena responsible
for the shifts in zero-lift center of pressure with Reynolds number at hypersonic
speeds. One plausible argument is that the Reynolds number variation substan-
tially affects the local induced pressures over the body. An experimental inves-
tigation of the induced pressures on flow-alined cylindrical bodies (ref. 8) has
established that these pressures are strongly dependent on Reynolds number.

Recently, a more detailed investigation of the induced-pressure problem (the
preliminary results of which are shown in ref. 5) indicates that, for blunter
noses, the effect of varying Reynolds number on the induced pressures is limited
principally to regions near the nose-cylinder afterbody Jjunction. Viscous effects
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on induced pressures downstream of more slender noses, on the other hand, extended
much farther downstream. Some, as yet unpublished, results obtained in the
Langley 22-inch helium tunnel indicate similar trends on small-angle conical
bodies having blunt noses. The implication of these induced-pressure measure-
ments is that the predominant effects of viscosity are limited (because of the
blunt noses) to regions not too far downstream of the nose for the shapes under
consideration in the present tests. Since the results of both references 5 and 8
were limited tc zero angle of attack, it is worth inquiring as to how these vis-
cous induced pressures affect stability at hypersonic speeds.

At zero incidence, according to reference 5, the local pressures downstream
of a blunt nose consist of inviscid pressures brought about by the introduction
of a large amount of energy to the flow by the blunt nose (blast wave effect) and
an additional increment in pressure which is dependent on Reynclds number. For
the case of small angles of attack, the symmetrical loading at zero incidence is
distorted; the inviscid pressures on the windward surfaces are compressed while
those on the leeward surfaces are reduced by virtue of the greater expansion of
the flow from the stagnation point. The incremental pressures due to viscosity,
on the other hand, are not only affected by changes in angle of attack but by
Reynolds number variations as well. Consider first the effects due to angle of
attack: the local Reynolds numbers are increased on the windward surfaces and
the viscous effects on the loading over these portions of the body are thereby
suppressed; on the leeward surfaces the local Reynolds numbers are reduced and
the incremental pressures due to viscous effects can become very large - indeed
great enough to dominate the destablizing input of the opposing (or windward)
surface pressures. As the stream Reynolds number is reduced, the contribution of
these leeward surface pressures is sufficient to bring about the stabilizing input
to the pitching moment and the corresponding rearward shift in center of pressure
noted in figure 16(c). At higher angles of attack it is likely that the inviscid
pressures due to angle of attack become large enough on the windward surfaces to
prevail over the contribution of any leeward pressures due to viscous effects
except, perhaps, at extremely low stream Reynolds numbers.

The principal conclusion to be drawn from these arguments is that Reynolds
number may assume a more significant role than Mach number in determining the low-
angle-of-attack stability of certain configurations at hypersonic speeds. The
extent to which the foregoing Reynolds number dependence is affected by such var-
iables as Mach number, nose bluntness, body geometry, fineness ratio, and angle of
attack remains to be determined.

In concluding these remarks on induced-pressure effects on stability, it
should be noted that all the data in the present investigation were obtained under
essentially perfect gas conditions whereas the flight vehicle will experience
conditions in the real-gas thermodynamic regime. The extent to which these real-
gas effects might alter the present results is not yet wholly understood.
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CONCLUDING REMARKS

An investigation of the stability of several proposed configurations of the
fifth-stage Scout reentry vehicle has been conducted over the Mach number interval
from 0.60 to 24.4. The results were summarized to show the normal-force-curve
slope and zero-lift center-of-pressure variation over the Mach number range. The
effect on longitudinal stability of limited variations in nose shape as well as
afterbody geometry was assessed at hypersonic speeds.

The stability data of one configuration were examined in some detail to
determine whether the test results in helium were representative of those obtained
in air at Mach numbers in the neighborhood of 20. Of the three variables inves-
tigated (Mach number, Reynolds number, and specific heat ratio) it appeared that
Reynolds number had the most important effect on the longitudinal stability near
zero angles of attack.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., January 29, 1963.
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Figure 1.- Configuration dimensions in terms of reference length.
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Figure 1.- Concluded.
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Figure 2.- A comparison of flight and wind-tunnel Reynolds numbers.
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